We report on THz MEMS sensors suitable for large focal plane arrays and readout schemes compatible with real-time imaging. Terahertz absorption near 100 %, optimized to particular monochromatic quantum cascade laser (QCL) illumination sources, was achieved using metal-dielectric metasurfaces. MEMS devices were designed using metasurface absorbers as structural components, allowing for streamlined fabrication of very efficient detectors in two different configurations. In the first scheme, bi-material sensors were used, where the heat from the absorbers is converted into mechanical deformation. The angular displacement, proportional to the absorbed THz radiation, was then optically probed. In the second configuration, THz to IR conversion was achieved whereas the front side of the metasurface absorbs THz and the backside served as an efficient infrared emitter, allowing its temperature to be probed directly by a commercial, thermal (infrared) camera. The devices are comprised of ultrathin films of silicon-rich silicon oxide and aluminum, deposited on silicon substrates and were fabricated standard MEMS processes including Bosh deep reactive ion etching to remove the substrate. The sensors were fabricated in a matrix configuration and individually characterized. The main figures of merit, such as spectral response, thermal time constant and sensitivity are controlled by the geometry and can be modified by design according to the application demands.
INTRODUCTION
Research on terahertz sensors has gained momentum recently, particularly due to two interesting properties. THz waves can penetrate most of non-polar and non-metallic materials and are not ionizing, and are therefore harmless to the living tissues. Many applications such as security screening, food inspection, medical and dental diagnostics, benefit from this technology [1] [2] [3] [4] [5] . Most of the technologies available today rely on single detectors and scanning schemes to provide THz images [6] . Real time THz imaging was demonstrated by Behnken et al. [7] using a commercial uncooled microbolometer long-wave infrared camera and a quantum cascade laser (QCL) as illumination source. Although the images were obtained in real time, the camera focal plane array, optimized for 10 µm exhibited very low sensitivity in the THz wavelength range [8] . Due to the scarcity of naturally occurring materials that are good THz absorbers, metamaterial perfect absorbers are the preferred way of THz sensing [9] [10] [11] . Perfect absorbers are built as planar structures (metasurfaces), typically comprised of subwavelength repeating metallic elements separated from a metallic ground plane by a dielectric spacer. Because the chosen ground plane is thickness is greater than the skin depth of the incoming wave, there is no transmission through the absorber. The structure is highly reflective over a wide range of frequencies, except at resonance, where the impedance of the metasurface matches the impedance of the free space, achieving near-zero reflection. With no transmission and no reflection, most of the incoming wave is absorbed. Figure 1 shows metasurfaces where the repeating element is a square, allowing for ultrathin perfect absorbers, suitable for thermal sensors. The frequency response of the films can be tuned by design, selecting the right dimensions of the square resonators. The narrow band resonant properties of such structures make than ideal to work with QCL illumination sources. Due to the complexity of the absorbing metasurfaces, finite element (FE) simulation is the preferred mean for modeling and simulation. Figure 1 shows the comparison between measurement and FE simulations performed using COMSOL Mulitphysics. The films are made of 90 nm thick aluminum (Al), both layers, and 1 µm thick silicon-rich silicon oxide (SiO x ). Using similar configurations of metasurfaces, MEMS bi-material sensors were fabricated. Three configurations were studied and are described in the subsequent sections, in the order of being implemented.
BI-MATERIAL SENSORS
A Typical bi-material sensor is shown in Figure 2 (a). The central part absorbs the incoming wave and heats up. The heat is transferred to two collocated bi-material legs that are connected to the sensor frame through thermal insulator anchors as shown in the figure. The frame (substrate) acts as a heat sink with constant (ambient) temperature. The insulator anchors keep the heat on the bi-material legs that undergo deformation due to the differences in thermal expansion coefficients of the two constituent materials [12] . The overall structure deflects proportionally to the absorbed radiation. The insulator can be tuned by design to keep the heat on the sensor long enough for readout. Among many ways to probe the sensor deflection, the simplest one is the optical. In this approach, the angular deflection of a visible laser beam, reflecting from the back side of the metasurface, can be measured by a position sensitive detector (PSD), as shown in Figure 2 (b). This approach is adequate for a single detector however it is impractical for focal plane arrays. In order to simultaneously interrogate all pixels of a focal plane array, an optical readout, as shown in Figure 3(a) , is used. The THz scene is sensed by the bi-material focal plane array and the deflections of the pixels are mapped onto a CCD using collimated light reflected on the back side of the bi-material matrix that passes trough a 4F Fourier optics as shown in detail in Fig. 3(b) . In the Figure 3 (b), nine pixels sub matrixes of the CCD correspond to a single THz pixel. A simple software routine can be used to perform background subtraction, making a positive image (no THz corresponds to dark and high THz corresponds to bright) and reduce noise. (a) ). Note that if there is no absorption the pixel is at rest, and all light passes through the aperture, illuminating all the pixels of the CCD corresponding to Pixel (1,1). When there is THz absorption, the bi-material pixel deforms and reflected light starts to get blocked by the aperture, making the corresponding CCD pixels gray (less illumination). When the sensor reaches its maximum deflection, no light passes through the aperture and the corresponding CCD pixels are dark.
Several sensors with configurations similar to the one shown in Fig. 2 were fabricated with the metasurface response tuned to 3.8 THz, frequency of the QCL available in our laboratory [13] . The characterization showed high responsivity (up to 1.2 deg/µW), linear response and controllable speed of operation [14] . Figure 4 shows the characteristic curves for one of the tested sensors. The minimum detectable incident power was measured to be around 10 nW using the optical readout depicted in Fig. 3(a) . 
(c)
An important issue of this bi-material sensor configuration is the intrinsic angular deflection (under dark conditions) caused by the residual stress after fabrication, a problem common to all freestanding MEMS structures. Figure 5 (a) shows the measured optical profile of one of the fabricated bi-material sensors. Using the optical readout described in Fig. 4 , better results are obtained when the THz focal plane array is perpendicular to the readout light beam. In order to achieve this condition, the metasurface (absorber) part of the sensors must be leveled with the substrate. One way to solve this problem is to introduce one additional bi-material leg on each side to compensate for the stress. Figure 5 (b) shows a FE simulation of a self-leveling bi-material sensor, where the compensating legs are connected to the substrate, thermally shorted with the heat sink, therefore not prone to deformation caused by THz absorption. They are connected to the active bi-material legs via thermal insulator material to assure the functionality of the sensor. Figure 5 (c) shows a scanning electron microscope (SEM) micrograph of the fabricated self-leveling sensor showing that the metasurface reflector is completely leveled with the substrate. The performance of the self-leveling sensors is similar to the previous configuration with one important bonus. Since both bi-material legs, active and compensation exhibit the same response to ambient temperature fluctuations, the central part does not move with those fluctuations, making the sensor immune to this effect. 
TERAHERTZ TO INFRARED CONVERTER
A different approach, to avoid intrinsic deflection and simplify the readout, is to eliminate altogether the bi-material legs and symmetrically connect the metasurface structure to the substrate using thermal insulating legs. Any infrared camera can probe the heat due to absorption of incoming THz waves. In this case, the emissivity of the backside should be selectively tuned with the camera frequency band in order to reduce the radiative heat loss while maximizing the efficiency of the readout. One way to do that is to apply to have a double metasurface structure as shown in Figure 6(a) . There, the left side is tuned to the illumination source as previously discussed and the right side is tuned to the LWIR camera used to capture the temperature (λ ~ 10 µm). The selective emissivity characteristic of metamaterial perfect absorbers was previously studied and published elsewhere [15] . In this configuration, the focal plane array is simply a THz-to-IR converter. The IR camera will capture a temperature of every pixel of the FPA, which corresponds to the THz scene. Figure 7 shows the frequency response and responsivity of the THz-to-IR converter measured using a microbolometer LWIR camera with a macro lens. Using an IR camera with MDTD of 50 mK, the system minimum detectable incident power is about 500 pW.
The absence of moving parts, the planarity of the sensor and the simplicity of readout scheme are the main advantages of this configuration. Furthermore, once encapsulated it can be used as a plugin for IR cameras, providing then the ability of detecting the desired THz band. The limitation of this THz imager is basically defined by the camera sensitivity. Most of commercial uncooled LWIR cameras have minimum detectable temperature difference (MDTD) less than 50 mK. Using the parameters showed in Fig. 7 (b) the minimum detectable incident power of the system would be 500 pW.
CONCLUSIONS
MEMS THz sensors based on perfect absorbing metasurfaces have been demonstrated in three different configurations. First, bi-material sensors were fabricated with integrated metasurfaces. Minimum detectable incident power on the order of 10 nW was measured using an optical readout. The intrinsic bending due to residual stress after fabrication was corrected using a self-leveling configuration by adding a bi-material compensating leg. By eliminating bi-material legs and moving parts, a THz-to-IR converter was designed by simply connecting a double metasurface structure to the substrate via thermal insulator legs. One side of the sensor is responsible for selective detection of incoming THz radiation while the other side serves as a selective emitter of IR radiation, tuned to a LWIR camera, used as a readout.
The THz-to-IR converter FPA is easier to fabricate, does not exhibit intrinsic bending, and it can simply be interrogated by any IR camera. Although the bi-material configuration is considerably more sensitive than the THz-to-IR converter, the possibility of using the later as a simple plugin makes this option very attractive to expand the spectral capabilities of commercial IR cameras.
